IgE antibodies provide defense against helminth infections, but can also cause life-threatening 14 allergic reactions. Despite their importance to human health, these antibodies and the cells that 15 produce them remain enigmatic due to their scarcity in humans; much of our knowledge of their 16
properties is derived from model organisms. Here we describe the isolation of IgE producing B 17 cells from the blood of individuals with food allergies, followed by a detailed study of their 18
properties by single cell RNA sequencing (scRNA-seq). We discovered that IgE B cells are 19 deficient in membrane immunoglobulin expression and that the IgE plasmablast state is more 20 immature than that of other antibody producing cells. Through recombinant expression of 21 monoclonal antibodies derived from single cells, we identified IgE antibodies which had 22 unexpected cross-reactive specificity for major peanut allergens Ara h 2 and Ara h 3; not only 23 are these among the highest affinity native human antibodies discovered to date, they represent 24 a surprising example of convergent evolution in unrelated individuals who independently 25 evolved nearly identical antibodies. Finally, we discovered that splicing within B cells of all 26 isotypes reveals polarized germline transcription of the IgE, but not IgG4, isotype as well as 27 several examples of biallelic expression of germline transcripts. Our results offer insights into 28 IgE B cell transcriptomics, clonality and regulation, provide a striking example of adaptive 29 immune convergence, and offer an approach for accelerating mechanistic disease 30 understanding by characterizing a rare B cell population underlying IgE-mediated disease at 31 single cell resolution. 32 33 Introduction 34 35
The IgE antibody class is the least abundant of all isotypes in humans and plays an important 36 role in host defense against parasitic worm infections (1), but it can also become misdirected 37 towards otherwise harmless antigens. Food allergies are one example of this misdirection, 38
where the recognition of allergenic food proteins by IgE antibodies can lead to symptoms 39 ranging from urticaria to potentially fatal anaphylaxis. Despite this central role in immunity and 40 allergic disease, human IgE antibodies remain poorly characterized due to their scarcity (2). 41
Bulk epitope mapping experiments have revealed that IgE antibodies are polyclonal and 42 epitopes are heterogeneous (3); however, individuals with the same allergy tend to recognize a 43 core set of one or a few allergenic proteins (4). Recent studies applying bulk fluorescence 44 activated cell sorting (FACS) immunophenotyping (5, 6) and immune repertoire deep 45 sequencing (7) have inferred IgE B cell characteristics and origins, while studies performing 46 peanut allergen specific single cell sorting (8, 9) have described clonal families to which IgE 47 antibodies belong. However, none have successfully isolated single IgE producing cells or the 48 paired heavy and light chain sequences that comprise individual IgE antibodies, leaving 49 unanswered questions as to the functional properties of such antibodies, the transcriptional 50 programs of these cells, and the degree to which any of these features are shared across 51 individuals. Similarly, there is a lack of knowledge, but growing interest, surrounding the IgG4 52 isotype due to its potential to compete with IgE for allergen and thereby contribute to the 53 reduced clinical allergen reactivity that accompanies immunotherapy and early allergen 54 exposure (10). Here we report the first successful isolation and transcriptomic characterization 55 of single IgE and IgG4 producing B cells from humans. We combined single cell RNA 56 sequencing (scRNA-seq) with functional antibody assays to elucidate mechanisms underlying 57 the regulation of IgE and to discover high affinity peanut-specific antibodies. 58 59
Characterization of single B cells from peripheral blood 60 61
We performed scRNA-seq on B cells isolated from the peripheral blood of food allergic 62 individuals, which enabled us to characterize each cell's gene expression, splice variants, and 63 heavy and light chain antibody sequences (Fig. 1A) . Fresh peripheral blood from six peanut 64 allergic individuals was first separated into plasma and cellular fractions; plasma was stored and 65 later used for allergen-specific IgE concentration measurements ( fig. S1) were cross-reactive; they bound strongly to Ara h 2, moderately to Ara h 3, and very weakly to 200 Ara h 1 (Fig. 3B ). We then used biolayer interferometry to determine dissociation constants of 201 each antibody to Ara h 2 and Ara h 3, with resulting affinities of tens of picomolar (pM) to sub-202 pM for Ara h 2 and tens of nanomolar (nM) to sub-nM for Ara h 3 (Fig. 3C S7E-G). Retaining the native heavy chain while swapping the light chain with another kappa 214 light chain from an antibody without peanut allergen specificity abrogated binding to both 215 allergenic proteins, while reverting both chains largely eliminated Ara h 3 binding and 216 dramatically reduced Ara h 2 affinity (Fig. 3C, fig. S8C ). Reverting only the heavy or light chain 217 reduced the affinity to Ara h 2 and Ara h 3, but disproportionately; light chain mutations 218 contributed more to Ara h 3 affinity than did heavy chain mutations. We also found a synergistic 219 contribution of heavy chain mutations to affinity as independent reversion of the CDR1, CDR2, 220 or framework regions each caused minor decreases in affinity. Tailored responses of the adaptive immune system are possible in part due to the ability of 245 activation-induced cytidine deaminase (AID) to initiate class switch recombination (CSR) in B 246 cells, leading to the production of antibodies with specific effector functions. CSR is preceded by 247 cytokine-induced germline transcription, where nonproductive germline transcripts (GLTs) that 248 contain an I-exon, switch (S) region, and heavy chain constant region exons guide AID to the S 249 region (47). Importantly, GLT processing is necessary for CSR (48, 49) and canonically results 250 in two species: an intronic S region lariat and a mature polyadenylated transcript consisting of 251 the I exon spliced to the constant region exons (50). In our scRNA-seq data, we observe 252 multiple splice isoforms of the latter, where the proximal constant region exon serves as the 253 exclusive splice acceptor for multiple splice donors. IgE had the largest number of distinct GLTs 254 at five (Fig. 4A and fig. S9 ), which we confirmed through Sanger sequencing (fig. S10); these 255 were expressed in numerous cells of varying isotypes and across all individuals, but at 256 nonuniform frequencies. The I-exon was the most common splice donor site (Fig. 4A , GLT #1) 257
and it is known that I-exons can provide multiple splice donors (51-53), but εGLT splice donors 258 within the switch region were also observed. We also found independent evidence for multiple 259 εGLT splice donors in a previously published scRNA-seq dataset from murine B cells harvested 260 24 h after simulation to class switch (54) ( fig. S11 ). 261 262
We next assessed GLT expression across all isotypes. Most B cells did not express a GLT of a 263 non-self isotype, while, unlike previous reports (55), those that did tended to be polarized 264 towards the expression of a single GLT isotype (Fig. 4B) . GLT production varied dramatically 265 both by GLT isotype produced and by the cell's current isotype (Fig. 4C ). We observed a high 266
proportion of IgG4 and IgE cells expressing εGLTs, while in contrast, we found almost no IgG4 267
GLT expression within any cells in these allergic individuals. Interestingly, we observed that 268 GLT expression arising from the alternate allele is common, as evidenced by widespread 269 expression of IgM GLTs in class switched B cells, and in some cases, expression of GLTs of 270 isotypes upstream of a cell's own class switched isotype (signal below the diagonal in Fig. 4C ). 271
Mirroring the landscape of human class switching (56), we observe the trend for GLT production 272 to be higher for proximal downstream isotypes rather than distant downstream isotypes. 273 274
The study of B lymphocyte transcriptomes at single cell resolution offers other advantages; for 275 example, we discovered multiple instances of biallelic GLT expression within single cells 276 through heavy chain constant region haplotype phasing in individuals who had heterozygous 277 single nucleotide variants within these loci. An example of this process that demonstrates 278 biallelic εGLT expression is shown in Fig. 4D . Not all constant regions within individuals had 279 such enabling variants, but in those that did we observed biallelic expression was relatively 280 common relative to monoallelic expression (Fig. 4E) Insight into convergent evolution of high affinity antibodies in unrelated individuals can guide 295 vaccine design and lead to strategies for population-level passive immunity; it is also a process 296 that has been argued to occur in response to a number of pathogens such as influenza (62), 297 HIV (45), Streptococcus pneumoniae (63). Here we found a striking case of convergence where 298 two unrelated individuals produced high affinity, cross-reactive, peanut-specific antibodies 299 comprised of identical gene rearrangements within respective heavy and light chains. A third 300
individual had Ara h 2-specific antibodies that utilized a similar heavy V gene and the same light 301 chain V gene. Although our study was limited by sample size, there is evidence supporting the 302 importance of these genes within the peanut-allergic population more broadly: one independent 303 study of IgE heavy chain sequences from peanut allergic individuals (64) reported IgE heavy 304 chains that utilized identical V and J genes and shared at least 70% CDR3 identity with one or 305 more of the six convergent antibodies in our dataset (fig. S12) All study subjects were consented and screened through a Stanford IRB approved-protocol. 333
Participants were eligible if they had a peanut allergy confirmed by an oral food challenge and 334 board certified allergist. Peanut allergic individuals with reported reactivity to peanut ranged in 335 age from 7 to 16, and in some cases exhibited sensitivities to other food allergens ( fig. S1 ). 336 337
Plasma IgE measurement and B cell isolation 338 Both plasma and cellular fractions were extracted from up to 45 mL of fresh peripheral blood 339 collected in K2 EDTA tubes. For plasma extraction, blood was transferred to 15 mL falcon tubes 340 and spun at 1600 g for 10 min. The upper plasma layer was extracted, transferred to 2 mL 341 Eppendorf protein LoBind tubes and spun again at 16000 g to further purify the plasma fraction. 342
The resulting supernatant was moved to fresh tubes before being put on dry ice and later 343 transferred to -80°C. were used. Read coverage of these exons was generated using the samtools (71) depth 410 command. To illustrate the absence of IgE membrane exon coverage, cells were leniently 411 considered to have "any" membrane exon coverage (Fig. 2C-D) if at least 5% of either 412 membrane exon had at least 5 reads. 413 414
Antibody heavy and light chain assembly 415
In addition to alignment, sequencing reads were also independently assembled in order to 416 reconstruct full length heavy and light chain transcripts. BASIC (72) was used as the primary 417 assembler given its intended use for antibody reconstruction, while Bridger (73), a de novo 418 whole transcriptome assembler, was used to recover the minority of heavy and/or light chains 419 lacking BASIC assemblies. The heavy chain isotype or light chain type (lambda or kappa) was 420 determined using a BLAST (74) database of heavy and light chain constant regions constructed 421 from IMGT sequences (75). Immunoglobulin variable domain gene segment assignment was 422 performed using IgBLAST (76) v1.8.0 using a database of human germline gene segments from 423 IMGT. IgBLAST output was parsed with Change-O and mutation frequency was called with 424 SHazaM (77). Cells without a single productive heavy and single productive light chain, which 425 were all members of the naïve / memory cell cluster, were excluded, leaving a final total of 973 426 cells. Graph-tool (https://graph-tool.skewed.de/) was used to draw clonal families and the 427 workflow engine Snakemake (78) was used to execute all analysis pipelines. 428 429
Recombinant antibody expression 430
Recombinant expression of select antibodies enabled characterization of antibody specificity 431 and affinity. All heavy chains were expressed as human IgG1, while light chains were expressed 432 as either lambda or kappa as appropriate. Heavy and light chain sequences were synthesized 433 by Genscript after codon optimization and were transiently transfected in HEK293-6E cells. 434
Antibodies were purified with RoboColumn Eshmuno® A columns (EMD Millipore) and were 435 confirmed under reducing and non-reducing conditions by SDS-PAGE and by western blots with 436 goat anti-human IgG-HRP and goat anti-human kappa-HRP or goat anti-human lambda-HRP as 437 appropriate. 438 439
Functional antibody characterization 440
ELISAs were performed to qualitatively assess peanut allergen binding. Purified natural Ara h 1 441 (NA-AH1-1), Ara h 2 (NA-AH2-1) and Ara h 3 (NA-AH3-1), purchased from Indoor 442
Biotechnologies, were immobilized overnight at 4°C using 50 µL at a concentration of 2 ng / uL. 443
Following 3 washes, wells were blocked with 100 µL of PBST (ThermoFisher) + 2% BSA for 2 444 hours. After two washes, 100 µL of primary antibodies were incubated for 2 hours at a 445 concentration of 2 ng / µL in blocking buffer. Following 4 washes, 100 µL of rabbit anti-human 446 HRP (abcam #ab6759) or rabbit anti-mouse HRP (abcam #ab6728) secondary antibodies were 447 incubated for 2 hours at a dilution of 1/1000 in blocking buffer. Biotechnologies) specific for Ara h 1, Ara h 2, and Ara h 3, respectively. 455 456
Kinetic characterization of antibody interactions with natural purified allergenic peanut proteins 457 was achieved using biolayer interferometry on a ForteBio Octet 96 using anti-human IgG Fc 458 capture (AHC) biosensors with 1X PBST as the assay buffer. The assay was run with the 459 following protocol: up to 600s baseline, 120-150s antibody load, 120-300s baseline, 460 associations of up to 300s, and variable length dissociations that lasted up to 30 min for high 461 affinity antibody-antigen interactions. Biosensors were regenerated by cycling between buffer 462 and pH 1.5 glycine following each experiment. Antibodies were loaded at a concentration of 10-463 25 nM, while optimal peanut protein concentrations were determined experimentally ( fig. S8 ). 464
Data were processed using ForteBio software using a 1:1 binding model and global fit after 465 reference sensor (ligand, but no analyte) subtraction. CDR3 sequence identity of the six convergent heavy chain CDR3 sequences from CF1 of the 584 present study and three IgE heavy chain CDR3 sequences derived from multiple patients in a 585 separate peanut allergy immune repertoire sequencing study (64). Each CDR3 sequence from 586 this separate study shares at least 70% identity with one or more CDR3 sequences from the 587 present study. All sequences share the IGHV3-30 and IGHJ6 gene segments and have CDR3s 588 17 amino acids in length. 589 590
Supplementary tables 591 592 Table S1 . Gene expression count matrix. Each column is a cell and each row is a gene. 593 594 IGHG3  IGHG1  IGHA1  IGHG2  IGHG4  IGHE  IGHA2   PA11  PA12  PA13  PA14  PA15  PA16 0.0 0.3 0. 6   IGHM  IGHD  IGHG3  IGHG1  IGHA1  IGHG2  IGHG4  IGHE  IGHA2   GLT isotype   IGHM  IGHD  IGHG3  IGHG1  IGHA1  IGHG2  IGHG4  IGHE 
